Introduction
Multiple metal-carbon bonds, predominantly alkylidene units "MvCR 2 ", continue to trigger immense research activities in organometallic synthesis and catalysis. [1] [2] [3] [4] [5] [6] [7] [8] Schrock's neopentylidene complex (tBuCH 2 ) 3 Ta(vCHtBu) 9, 10 marked the first example of a stable transition metal alkylidene complex, with the bulky tBu substituents at the α-carbon atom impeding intermolecular decomposition pathways. In contrast, methylidene "CH 2 2− " species are sterically less protected against bimolecular reactions, and hence present a particular challenge and are found to be kinetically labile. Although authenticated by single-crystal X-ray diffraction, the first transition metal methylidene complex Cp 2 Ta(CH 2 )(CH 3 ) decomposes bimolecularly forming ethylene complex Cp 2 Ta(C 2 H 4 )-(CH 3 ). 11, 12 Current progress in the field of early transition metal terminal methylidene complexes features Mindiola's group 4 and group 5 derivatives (PNP)MvCH 2 (OAr) (M = Zr, Hf, PNP = N[2-P(iPr) 2 -4-CH 3 -C 6 H 3 ] 2 , Ar = C 6 H 3 iPr 2 -2,6) and (ArO) 2 NbvCH 2 (H 2 CPPh 3 ) (Ar = C 6 H 2 (CHPh 2 ) 2 -2,6-tBu-4). 13, 14 Alternatively, stabilization of the methylidene moiety is achieved by delocalizing the negative charge over multinuclear, homometallic or heterobimetallic Lewis-acid stabilized complexes. [15] [16] [17] [18] The most prominent example of a Lewis-acid stabilized heterobimetallic methylidene complex is the Tebbe reagent Cp 2 Ti[(µ 2 -CH 2 )(µ 2 -Cl)AlMe 2 ], 5, 19 whose structural elucidation proved to be delicate. 20 The Tebbe reagent also laid the ground work for a series of rare-earth metal variants, (L)Ln(III)-(CH 2 ) x (AlMe 2 R) y (L = monoanionic, [21] [22] [23] [24] [25] neutral ligand; 26-29 R = Me, ferrocenyl). Previous studies from our laboratory and others on rare-earth-metal(III) alkyl complexes (L)LnRR′ (L = C 5 Me 5 (= Cp*), NSiMe 3 (Ar), PhC(NC 6 H 3 iPr 2 -2,6) 2 ; Ln = Y, La, Ho, Lu; R, R′ = Me, AlMe 4 , Cl) led to the isolation of "Lewisacid-free" Ln III methylidene complexes with a striking Ln 3 (µ 3 -CH 2 ) core structure (Scheme 1). [30] [31] [32] Experimental and theoretical studies on homometallic trinuclear rare-earth metal methylidene complexes L 3 Ln 3 (µ 3 -CH 2 ) (µ 3 -CH 3 )(µ 2 -CH 3 ) 3 (thf) n (L = monoanionic ligand) revealed Tebbe-like reactivity in methylenation reactions (Scheme 1) along with methylation of the carbonylic functionalities. [31] [32] [33] In sharp contrast, treatment of Cp′ 3 Tm 3 (µ 3 -CH 2 )(µ 3 -CH 3 )(µ 2 -CH 3 ) 3 (Cp′ = C 5 Me 4 SiMe 3 ) with a ketone would rather yield Cp′ 3 Tm 3 (µ 2 -CH 3 ) 3 [OC(CH 3 )(C 6 H 4 ) 2 )] as a result of methylidene transfer and simultaneous ortho-metallation of benzophenone (not shown in Scheme 1). 34 Moreover, Hou and coworkers accessed "Lewis-acid-free" cuboid clusters [Cp′Ln(µ 3 Single-crystal X-ray diffraction of 4-Lu revealed a geometry about the five-coordinate lutetium metal centre which can best be described as distorted trigonal bipyramidal with C1, C2, and N1 occupying the positions in the equatorial plane and O1 and O2 in the apical positions (see Fig. 1 31 We now found that route B can be adopted for the larger rare-earth metal centres, which is infeasible for route A. 
Scheme 3 Proposed reaction mechanism for the formation of multinuclear methylidene complexes 7-Ln.
signals -except for the AlMe 4 resonance at 11.27 ppm in the 1 H NMR spectrum -appeared to be difficult. Fig. 2 and S1-S3 †). The geometry about the five-coordinate Ln(III) centre can best be described as distorted square pyramidal, with the four bridging methyl groups in the corner of the basal plane and the amido nitrogen atom in the apical position. As detected for Cp R Ln(AlMe 4 ) 2 46-48 the Ln-C(µ-Me) bond lengths increase with increasing Ln(III) size, the bonds in the bent AlMe 4 ligand being significantly elongated compared to those in the planar tetramethylaluminate ligand, and C8 is tilted toward the rare-earth metal centre. The solid-state structures of 5-Ln feature additional short contacts between the metal centres and the ipso carbon atoms of the aryl rings. As a consequence, the aryl ring lies almost orthogonally to the Ln-N bond as evidenced by the acute C9-N1-Ln1 bond angles (Table 1) . Interestingly, the feasibility of complexes 5-La and 5-Nd might provide access to methylidene complexes of type 7-Ln with large rare-earth metal centres.
The anticipated formation of a transient [NSiMe 3 (Ar)] LnMe 2 (thf ) x species is substantiated by synthesis approach B (Scheme 2), since addition of excess thf to n-hexane solutions of [NSiMe 3 (Ar)]Ln(AlMe 4 ) 2 (5-Ln) afforded complexes 7-Ln in high yields. Single-crystal X-ray diffraction revealed the formation of trinuclear rare-earth metal tetramethyl methylidene complexes [NSiMe 3 (Ar)] 3 Ln 3 (µ 3 -CH 2 )(µ 3 -Me)(µ 2 -Me) 3 (thf ) 3 (7-Ln, Ln = Y, 31 Nd, Ho) as the product of sequential donorinduced cleavage of Ln(µ 2 -Me) 2 (AlMe 2 ) moieties, 49 C-H bond activation, and agglomeration (Schemes 2 and 3). Note that, treatment of 5-La with excess thf led to intractable, alkylated species. 24 Comparative studies on half-sandwich dialkyl complexes revealed that the capability of alkyl complexes to engage in C-H bond activation reactions strongly depends on the size of the rare-earth metal centre, the amount of Lewis base as well as the steric demand of the ancillary ligand. in n-hexane at ambient temperature gave exclusively compound 6-Y in high yields (Scheme 2, route C). Comparable to aluminate complexes 5-Ln, 6-Y features a highly fluxional Ga (μ-Me) 2 Me 2 coordination as evidenced by one narrow signal for the methyl groups at δ −0.03 ppm. The 89 Y NMR resonance of 6-Y (δ 477.2 ppm) is in the same range as for 7-Y (δ 498.0 ppm). 31 The molecular structure of complex 6-Y is isomorphous to those of 5-Ln and similar to Cp*Y(GaMe 4 ) 2 (Cp* = C 5 Me 5 ) regarding the coordination of the GaMe 4 ligands (Fig. 3) . 55 The metrical parameters of 6-Y are comparable to Cp*Y-(GaMe 4 ) 2 with average Y-C(µ-CH 3 ) bond lengths of 2.616 Å and 2.520 Å for the bent and planar Ga(µ-Me) 2 Me 2 moieties, respectively, being slightly shorter than in the respective half- 3 (thf ) 3 (7-Y) in almost quantitative yield.
The rare-earth metal tetramethyl methylidene complexes 7-Ln are sparingly soluble in n-hexane, but readily dissolve in aromatic solvents and thf, which allowed for elaborate NMR spectroscopic investigations of the diamagnetic representatives 7-Y and 7-Lu. 31 The interpretation of the 1 H NMR spectra of compounds 7-Ln (Ln = Nd, Ho) is affected by paramagnetic shifts and line broadening. Representatively for the isostructural complexes 7-Ln, Fig. 4 and 5 illustrate the molecular and core structure of the neodymium derivative 7-Nd (7-Ho: Fig. S5 †) . Complexes 7-Nd and 7-Ho are isomorphous to the previously reported 7-Y and 7-Lu, 31 crystallizing in the monoclinic space group P2 1 n. In the solid state, each Ln is six-coordinate by one amido ligand, one thf, three bridging methyl groups, and one µ 3 -bridging methylidene group. The core atoms of the complex (Fig. 5, left) adopt a distorted hexagonal bipyramid with alternating Ln and µ 2 -bridging methyl groups in the equatorial, and the µ 3 -methyl and the methylidene groups in the apical positions. Together with the methylidene group all three amido ligands are residing on one side of the plane spanned by the Ln metal centres. It seems that the amido substituents provide a protective enclosure for the methylidene moiety reminiscent of a picket fence, thus impeding intermolecular deactivation. 57 The Ln 3 (µ 3 -CH 2 ) unit in 7-Ln resembles those previously found in complexes L 3 Ln 3 (µ 3 -CH 2 )(µ 3 -Me)(µ 2 -Me) 3 30 considering the differences of the ionic radii. As expected, the Ln-C bond lengths of the μ 2 -CH 3 moieties are between the values for Ln-C(µ 3 -CH 2 ) and Ln-C(µ 3 -CH 3 ) ( Table 2) .
Reaction of 7-Ln with ketones
In the presence of carbonylic substrates, methylidene complexes 7-Ln act as Schrock-type nucleophilic carbenes. Moni- . Atomic displacement parameters are set at the 30% level, hydrogen atoms have been omitted for clarity. Fig. 4 Molecular structure of 7-Nd (atomic displacement parameters are set at the 30% level). Solvent molecules, isopropyl groups and hydrogen atoms, except for Nd-CH 2 and Nd-CH 3 moieties, have been omitted for clarity. 3 , however, indicated that methylidene transfer rather than methyl transfer occurs. 33 Upscaling of the reaction between 7-Nd and 9-fluorenone (1 : 1 ratio) in n-hexane/thf led to the formation of 9-methylidene-fluorene and [NSiMe 3 (Ar)] 3 Nd 3 (µ 3 -O)(µ 2 -Me) 4 (thf) 3 (8-Nd) as indicated by an immediate colour change from blue to green (Fig. S21 †) . NMR-scale reactions using 1-5 equivalents of the carbonylic reagent in benzene-d 6 , revealed that after addition of the third equivalent of substrate the mixture kept a brown colour. Additional signals assignable to a paramagnetically shifted 9-methyl-9H-fluoren-9-yloxy moiety were observed as well, however, due to the existing paramagnetism, a quantification of methylenation versus methylation was infeasible. Single-crystal X-ray diffraction of complex 8-Nd revealed that the core structure of 7-Nd (Fig. 5, left) was replaced by Nd 3 (µ 3 -O)(µ 2 -Me) 4 with the Nd III metal centres being bridged by one µ 3 -oxo moiety and four µ 2 -Me groups (Fig. 5, right) . In contrast to 7-Nd, two of the amido ligands and the oxo are now located on the same side of the plane spanned by the Ln 3 metal centres. The coordination of the thf donor molecules is opposite to the amido ligands (Fig. 6) 60 is somewhat comparable to isomorphous 9-Ln featuring also a four-coordinate Ln metal centre (Fig. 7) . Such simple complexes (NRR′) 2 Ln(alkyl) and (NRR′)Ln(alkyl) 2 coordinated by non-chelating alkyl and amido ligands, however, seem to be rather scarce. 40, 41, 56 Complexes 9-Ln display distorted tetrahedral coordination geometries as evidenced by large N1-Ln-C(µ 2 -CH 3 ) angles e.g., 9-La, 122.5(2)°; 9-Nd, 123.33(3)° (  Table 3 ). Pronounced interactions of the Ln III metal centre with the amido ligand is also evidenced by close contacts to the ipso carbon atoms of the aryl rings (9-La, 2.791(7) Å; 9-Nd, 2.7502(9) Å). The average Ln-C(µ 2 -CH 3 ) bond lengths of 2.721 Å (9-La, 2.650 Å (9-Nd)) are shorter than in the respective metallocene complex Cp* 2 La(AlMe 4 ) (avg. 2.849 Å), which is dimeric in the solid-state. 55 
Conclusions
The unique [Ln 3 (μ 3 -CH 2 )(μ 3 -CH 3 )(μ 2 -CH 3 ) 3 ] core structure has been achieved via three synthesis pathways. Such rare-earth metal methylidene complexes do form in the absence of any organoaluminium components as proven by applying alkylaluminium-free synthesis protocols. The generation of [NSiMe 3 (Ar)] 3 Ln 3 (µ 3 -CH 2 )(µ 3 -Me)(µ 2 -Me) 3 (thf ) 3 seems to be rather driven by steric constraints. A possible mechanism involves the formation of intermediate [NSiMe 3 (Ar)]LnMe 2 (thf) x species, which upon C-H bond activation agglomerate to the target compound. The dianionic CH 2 2− moiety seems to be preferentially stabilized by Ln 3 "cluster-like" entities being protected from intermolecular deactivation by a picket-fence arrangement of the amido ligands. Nevertheless the methylidene ligand retains its nucleophilic character as revealed by Tebbe-like methylenation reactions with carbonylic substrates, which concomitantly form isolable rare-earth metal oxo clusters.
Experimental section

General procedures
All operations were performed with rigorous exclusion of air and water, using standard Schlenk, high-vacuum, and glovebox techniques (MBraun MBLab; <1 ppm O 2 , <1 ppm H 2 O). Toluene, n-hexane, and tetrahydrofuran were purified by using Grubbs columns (MBraun SPS, solvent purification system) and stored in a glovebox. Benzene-d 6 . In a glovebox, a solution of Ln(AlMe 4 ) 3 (2-Ln) in n-hexane (3 ml) was added to a vigorously stirred (6- Y) (76 mg, 0.13 mmol) in n-hexane (2 ml) two drops of thf were added. The reaction mixture was shaken and left standing for 30 min at ambient temperature. 7-Y precipitated at −35°C, the supernatant was decanted and the white solid dried under reduced pressure (76 mg, 0.12 mmol, 93%). Single crystals suitable for X-ray structure analysis were grown from a saturated n-hexane solution. The spectroscopic data were consistent with those previously published. 31 [NSiMe 3 (Ar)] 3 Nd 3 (µ 3 -CH 2 )(µ 2 -Me) 3 (µ 3 -Me)(thf ) 3 (7-Nd). To a solution of [NSiMe 3 (Ar)]Nd(AlMe 4 ) 2 (5-Nd) (60.7 mg, 0.1 mmol) in n-hexane (2 ml) ten drops of thf were added. The reaction mixture was shaken and left standing for 10 min at ambient temperature. The product could be crystallized from a thf/ n-hexane mixture at −35°C to yield blue crystals (45.5 mg, 0.03 mmol, 90% cryst. yield). IR (KBr): 3041s, 2957s, 2868m, 1583s, 1458m, 1416s, 1380s, 1359s, 1313m, 1239s, 1193m, 1159s, 1142s, 1107s, 1041s, 1022s, 915s, 877m, 835s, 774s, 744s, 731s, 658m, 588s, 487m, 434m cm 3 (µ 3 -Me)(thf ) 3 (7-Lu). A J. Young valve NMR tube was charged with 4-Lu (12.0 mg, 0.02 mmol) and dissolved in n-hexane (1 ml) and dried under reduced pressure. The procedure was repeated several times. The residue was dissolved in C 6 D 6 .
1 H NMR measurements were started after approximately 10 minutes, showing that 4-Lu had converted into 7-Lu.
31
[NSiMe 3 (Ar)] 3 Nd 3 (µ 3 -O)(µ 2 -Me) 4 (thf ) 3 . To a solution of 7-Nd (70 mg, 0.05 mmol) in n-hexane/thf (3 ml) a solution of 9-fluorenone in n-hexane/thf (3 ml) was added, shaken and left standing for 5 minutes. The blue solution turned green. Single crystals suitable for X-ray diffraction analysis were grown from the n-hexane/thf solution at −35°C. Alternatively, all volatiles were removed in vacuo to yield 8-Nd as a green powder, which was washed with n-hexane (2 × 1 ml) and dried in vacuo (30 mg, 0.02 mmol, 41%; 29% cryst. yield).
1 H NMR
